The synthesis, characterization and solar cell performance of PCDTBT and its highly soluble analogue hexyl-PCDTBT with cross-conjugated benzoyl moieties at the carbazole comonomer are presented. Through the use of both model reactions and time-controlled microwave-assisted Suzuki polycondensation, the base-induced cleavage of the benzoyl group from the polymer backbone has been successfully suppressed. Compared to the commonly used symmetrically branched alkyl motif, the benzoyl substituent lowers the energy levels of PCDTBT as well as the band gap, and consequently increases energy of the charge transfer state in blends with PC 71 BM. As a result, photovoltaic diodes with high-open circuit voltage of above 1 V are realized.
Introduction
Conjugated polymers are a class of materials that have gathered considerable attention within the past decades due to the possible realization of printed, low-cost, light-weight, semi-transparent, flexible (opto-)electronic devices such as organic light-emitting diodes (OLEDs), organic field-effect transistors (OFETs) and organic photovoltaic (OPV) devices [1, 2] .
The introduction of flexible side chains on the periphery of the all-conjugated polymer backbone is of vital importance for processing films from solution and for structure formation. The nature of the side chains (aliphatic, aromatic, electron-withdrawing, electron-donating, charged, etc.) as well as the shape (linear, branched, cyclic, etc.) impact the properties of the material considerably by influencing backbone electronics, thin film morphologies etc. Hence, the nature, position and density of side chains also affect the performance of the final device to a large extent [3, 4] .
The careful choice of the side chain has to be taken into account when designing conjugated polymers. Although a manifold of side chains have been investigated in conjugated polymer science, their impact on various material parameters such as absorption, emission, film morphology, and other optoelectronic characteristics is commonly empirically optimized. A universally applicable principle for optimal side chain selection is still lacking [3e5] .
PCDTBT (poly[N-9 0 -heptadecanyl-2,7-carbazole-alt-5,5-(4 0 ,7 0 -di-2-thienyl-2 0 ,1 0 ,3 0 -benzothiadiazole)]) is a thermally stable carbazole-based alternating copolymer which has extensively been Abbreviations: PCDTBT, poly[N-9 0 -heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-2 0 ,1 0 ,3 0 -benzothiadiazole]; NMR, nuclear magnetic resonance; SEC, size exclusion chromatography; CT, charge transfer; GIWAXS, grazing-incidence wideangle X-ray scattering; OPV, organic photovoltaic; EQE, external quantum efficiency; PL, photoluminescence; HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital; UPS, ultraviolet photon spectroscopy; PEDOT:PSS, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate; PC 71 BM, [6, 6] -phenyl-C61-butyric acid methyl ester.studied in photovoltaic devices. Power conversion efficiencies (PCE) of 7.9% and device operation lifetimes of up to 7 years have been reported [6, 7] . Recently, we have reported that PCDTBT is prone to carbazole homocoupling defects which complicates comparison of polymers made with different catalytic systems [8] .
Leclerc and co-workers prepared a variety of carbazole-based homo-and copolymers. By altering the substituent on the nitrogen atom from an alky chain to a cross-conjugated, aromatic and electron-withdrawing benzoyl substituent, an increase in electrical [9] and thermal [10] conductivity was found. This observation was explained by the better delocalization of charge carriers due to the enhanced aromaticity. Additionally, the authors speculated that the electron-withdrawing effect of the benzoyl impedes charge carrier pinning onto the carbazole's nitrogen [10] .
The group of Krebs tested the long-term stability of OPV devices and reported for PCDTBT a cleavage of the alkyl chain attached to the carbazole determined by the vanishing of the N-C(sp 3 ) bond signal in the IR spectrum. The nitrogen of the carbazole ring was suggested to react with oxygen after a carbazoyl radical was formed [11] . In addition, Leclerc et al. suggested that the scission of the alkyl side chain results in long-term stability of OPV devices comprising of a PCDTBT:PC 61 BM ( [6, 6] -phenyl-C61-butyric acid methyl ester) bulk heterojunction (BHJ) active layer [12] . Assuming trapping of the formed carbazoyl radical by fullerene, the subsequent formation of a cross-linked, hence stabilized, nanomorphology was concluded to be the underlying reason for the observed long-term stability of PCDTBT:PCBM solar cells [7, 12, 13] .
While the influence of benzoyl substituents at the carbazole's nitrogen has been investigated for carbazole homopolymers as well as for carbazole-thiophene copolymers [9, 10] , donor-acceptor copolymer systems have not yet been considered. In this manuscript, we analyse the influence of the incorporation of the benzoylmotif into the carbazole unit of PCDTBT. We synthesize two novel carbazole monomers each carrying benzoyl moieties that carry branched solubilizing alkyl chains. A base-induced cleavage of the benzoyl substituent during polycondensation was identified in model reactions. Extensive optimization of polycondensation conditions, including time-controlled microwave-assisted Suzuki polycondensation reaction with rather uncommon potassium fluoride as base, lead to the successful suppression of benzoyl cleavage. Thus, benzoyl-substituted PCDTBT with minimal cleavage was obtained. Compared to commonly used alkyl side chains, the benzoyl substituent causes broadened and red-shifted absorption spectra, lowered HOMO (Highest Occupied Molecular Orbital) energy levels and consequently a higher charge transfer (CT) state energy in combination with PCBM as acceptor. This is highly beneficial as in principle both the short circuit current as well as the open circuit voltage can be optimized simultaneously. Higher short-circuit current densities and, for one derivative, an open circuit voltage of above 1 V could be achieved in photovoltaic devices.
Results and discussion
We synthesized a series of different PCDTBT-based copolymers in which the effect of replacing the branched alkyl substituent at the carbazole by a benzoyl moiety on the structural, photophysical and photovoltaic device parameter is investigated. To improve processability, copolymers with and without additional hexyl side chains at the TBT unit were made as well. The chemical structures and naming of the four discussed copolymers are shown in Fig. 1. 
Monomer synthesis
The carbazole monomers carrying benzoyl substituents were synthesized according to Scheme 1. First, the solubilizing and branched side chain was attached to bromobenzene via Kumada cross-coupling followed by Friedel-Crafts acylation to introduce either a carboxylic acid or the corresponding acid chloride. Regarding the latter, the product with a 2-ethylhexyl side chain could be purified by vacuum-distillation. However, products with longer branched side chains such as 2-decyltetradecyl could not be purified via distillation but were worked under aqueous conditions which removed formed salts and (partially) hydrolysed the acyl chloride functionality. The acyl chloride functionality was then recovered by reacting the carboxylic acid with thionyl chloride followed by a reaction with dibromocarbazole [14] . Miyaura borylation was used to introduce the boron functionality due to the instability of the carboxamide towards strong bases such as nbutyllithium. However, a large excess of 8 eq. of bis(pinacolato) diboron was needed to obtain high yields of the diborylated carbazole monomer, which otherwise resulted in a substantial amount of the mono-borylated carbazole Br-Cbz-Bpin. Purification of the benzoyl carbazole monomer with C 24 -side chains (M2) was only successful after careful column chromatography, whereas the 2-ethylhexyl-based monomer M1 could be conveniently purified via recrystallization.
Polymer synthesis
P1 and P2 were synthesized as previously reported by our group [15e17] . Note that P2 is the well-studied parent polymer PCDTBT. The physical properties of all discussed polymers are summarized in Table 1 . All polymers exhibited good to excellent solubility. Initially, polycondensations via direct arylation were tested using dibromo carbazole and unsubstituted TBT monomers. Thus, the final step in Scheme 1, namely borylating dibromo carbazole, can elegantly be bypassed as recently demonstrated for polymer P1 [16] . However, in contrast to the alkyl-substituted analogue P1, only oligomeric material of P3 could be obtained from direct arylation polycondensations. To probe a potential base-induced instability of the benzoyl group, model reactions of benzoyl substituted carbazoles were performed. Using benzoyl substituted dibromo carbazole (Br 2 CbzBzEH) in combination with a variety of reactants followed by crude product analysis by 1 H NMR spectroscopy confirmed the instability of the aromatic carboxamide functionality towards common bases such as acetates, pivaloates, carbonates and phosphates, especially in combination with the often used cosolvent DMAc under elevated temperatures (see Figure SI-4) . Fortunately, Lewis-base potassium fluoride did not lead to cleavage of Br 2 CbzBzEH even for elevated times and temperatures, rendering Suzuki polycondensation (SPC) a promising option (Scheme 2). When used in Suzuki cross-coupling reactions, fluoride is speculated to accelerate the transmetallation step without being nucleophilic and hence, allowing the use of otherwise sensitive substrates [18] .
Using SPC to obtain P3 under thermal heating, however, resulted in polymeric material exhibiting low molecular weight of 15 kg/ mol. Surprisingly, detailed 1 H NMR analysis revealed a cleavage of about 25% of the benzoyl groups (Fig. 2) . Microwave-assisted heating not only accelerates the reaction [19] , but also resulted in materials with higher molecular weight of 30 kg/mol after 30 min only. An extended reaction time unexpectedly resulted in polymers with lower molecular weight of 26 kg/mol and 22 kg/mol after 60 and 120 min, respectively. After 30 min, a negligible ratio (3%) of cleavage was found via NMR analysis, while after one and two hours 5% and 14% of the benzoyl substituents were cleaved off from the polymer backbone, respectively.
From this observation, the decrease in molecular weight can be explained by an initial development of the intact polymer backbone followed by successive cleavage of benzoyl units. However, the origin of cleavage is not clear since test reactions with each individual reaction partner resulted in 100% intact carbazole monomer after 24 h, giving rise to the conclusion that an in situ generated species or byproduct is catalyzing the cleavage of the R 2 N-COR 0 bond.
In the 1 H NMR spectra of P1-P3, defined signals are observed.
This indicates non-aggregated species in solution as well as welldefined material, whereas the 1 H NMR spectrum of the non-hexyl analogue, P4, depicts broad and less-structured signals in the aromatic region (Fig. 3 ). SEC data did not indicate aggregation (Figure SI-5), however at the concentration required for NMR analysis, considerable aggregation seems to occur. Due to the impracticality of signal integration, elemental analysis was carried out to estimate the ratio of cleaved bonds compared to intact benzoyl substituents. By the ratio of carbon to nitrogen and carbon to sulphur, a cleavage of about 18% of the benzoyl substituents could be determined. Thermal analyses, i.e., differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) (Figure SI-6), were performed to reveal thermal stability and transitions. DSC curves showed a glass transition temperature T g for P1 and P2 at 127 C and 93 C, respectively, whereas P3 and P4 showed no distinct thermal transition. This is interesting, indicating that the carbazole substituent is mainly responsible for whether or not a T g is observed by DSC. In addition, the DSC curve of P2 shows a weak melting transition (T m ) at 237 C with a melting enthalpy DH m of 0.38 J/g. TGA curves of P1 and P2 did not show degradation of the polymers up to 400 C under an inert nitrogen atmosphere. In contrast, P3 and P4 show an onset of partial degradation at 296 C and 308 C, respectively. After a loss of 10% relative mass, full degradation of the benzoyl equipped polymers starts at 450 C. 
Photophysical properties
The UV/vis absorption spectra of P1-P4 in solution and thin film are shown in Fig. 4a and b, respectively.
While all investigated samples exhibit a strong absorption peak between 400 and 600e750 nm resulting from an intramolecular charge transfer (CT) state, it can be seen that the copolymers equipped with additional solubilizing hexyl side chains attached to the thiophenes of the TBT ring system exhibit less intense CT bands in solution as well as in thin-film compared to the non-hexyl counterparts. This is a consequence of an induced tilt in the polymer backbone resulting from steric interaction of the hexyl side chains with hydrogen atoms directly attached to the backbone as similarly reported for P1 and P2 by our group and Park et al. [17, 20] .
In the case of the set of polymers without additional hexyl chains attached to the thiophenes, P2 and P4, the substitution of the alkyl side chain by a benzoyl ring system led to a significant redshift of the absorption peak as well as a broadening of the absorption band both in solution and solid state. The intramolecular CT absorption peak shifts by 32 nm from 548 nm to 580 nm and by 31 nm from 568 nm to 599 nm in solution and thin film, respectively. The hexyl derivatives P1 and P3 exhibit a red shift thin film as well. The CT absorption is redshifted by 14 nm from 527 nm to 541 nm upon benzoyl substitution. In contrast, absorbance in solution shows a blue shift of 13 nm, from 524 nm to 511 nm, upon benzoyl attachment. This blue shift can be explained by a weakened donor strength of the carbazole unit, however, the absence of such characteristic in the non-hexyl P4 must have a different origin. Nevertheless, a pronounced increase in intramolecular CT absorption band in thin-film occurs upon benzoyl substitution indicating stronger intermolecular interactions compared to the copolymers carrying alkylated carbazole units. The benzoyl system facilitates pp interactions between copolymer chains, although the benzoyl substituent is not in direct but cross-conjugated conjugation with the polymer backbone [3] . Despite the partial cleavage of substituents, the absorption spectra of the investigated polymer systems clearly display the reduction of the band gap upon substituting the alky chain at the carbazole's nitrogen by a benzoyl ring system. Interestingly, the UV/vis absorption spectra of different P3-samples with varying degrees of benzoyl moiety cleavage are The photoluminescence (PL) of the discussed polymers P1-P4 was measured and the obtained spectra are shown in Fig. 5 .
The PL spectra of all copolymer solutions exhibit broad emission peaks between 550 nm and 800 nm (l max ¼ 634e637 nm, except P2, l max ¼ 660 nm). The photoluminescence quantum efficiency (PLQE) for the hexyl copolymers P1 and P3 in solution was found to be 60.1% and 40.0%, respectively. These values are relatively high compared to the non-hexyl derivatives, 18.3% (P2) and 7.2% (P4). In both cases, the benzoyl substituted polymer exhibits the lower value for PLQE. Consequently, the PL is significantly quenched upon benzoyl attachment. While the Stokes shift for P1 and P2 was found to be 113 nm and 112 nm, respectively, P3 exhibited a Stokes shift of 124 nm, i.e. slightly higher than the alkyl counterpart, whereas P4 showed a shift of 54 nm only. In thin film, the same trend for PLQE was found giving values ranging from 18.1% (P1) over 10.2% (P3) and 6.1% (P2) to only 1.4% (P4). However, in contrast to the emission spectra in solution, the emission spectra of the thin films are redshifted and the emission peak values differ strongly between the individual samples (from 674 nm up to 740 nm) and the Stokes shifts are increased compared to the shifts in solution resulting in values between 141 nm (P4) and 177 nm (P2).
UPS measurements (see also Thus, both benzoyl-substituted P3 and P4 are characterized by lowered energy levels with respect to the vacuum level, which is a promising feature for OPV device application as increased opencircuit voltages can be expected. In addition, the decrease in band gap potentially increases photocurrents as a consequence of the broadened and redshifted absorption as well as the increase in CT band oscillator strength. The optical parameters and frontier molecular orbital positions of the polymers extracted from UV/vis, PL and UPS measurements are summarized in Table 2 
Charge transfer state and photovoltaic diodes
To confirm the low lying HOMO levels of the benzoyl substituted polymers and to see whether this gives rise to a high open-circuit voltage in photovoltaic diodes, the photoluminescence of polymer:PC 71 BM blends, thus the emission of the interfacial charge transfer (CT) states, were measured in vacuo. The normalized luminescence spectra are shown in Fig. 7 (see also Figure SI-9) .
From the photoluminescence spectra of the polymer:PC 71 BM blends a higher CT state energy of the benzoyl equipped polymers P3 and P4 compared to their alkyl counterparts P1 and P2 can directly be observed. Upon benzoyl substitution, the emission peaks are shifted towards higher energies. P1:PC 71 BM and P2:PC 71 BM exhibit 0.06 eV and 0.05 eV lower PL energies compared to their benzoyl analogues P3:PC 71 BM and P4:PC 71 BM, respectively. For the determination of CT state energy levels and reorganization energies, PL and reduced EQE spectra as well as fitting curves according to Vandewal et al. [21] was used as shown in Figure SI-10 . From the fitted Gaussian curves, interfacial CT state energies of 1.67 eV and 1.72 eV can be deduced from P1 and P3 blend films, respectively. While the E CT differs by 50 meV, the reorganization energy l of 0.36 eV does not alter. In the case of P2 with CT state energies of 1.55 eV, which is in good agreement with values from the literature [22] , and P4 with 1.66 eV, the emission spectra of the polymer:PC 71 BM blends revealed an even 0.11 eV higher CT state energy for the benzoyl derivative. With these promising values OPV devices were fabricated. The device architecture (glass/ITO/ PEDOT:PSS/polymer:PC 71 BM/Ca/Al) [7] and active layer composition [23] was chosen according to the literature. The OPV device characteristics are summarized in Table 3 , the current-voltagecurves and the EQE graphs of the devices are shown in Fig. 8 .
OPV devices utilizing the set of different PCDTBT-based polymers yielded power conversion efficiencies from 2.6% for P1 up to 5.5% for P2. The fill factor only resulted in reasonable values for P2 (0.5), whereas the benzoyl derivative yielded a FF of 0.35 and the P1 performed with fill factors of~0.30 only. We speculate that careful device optimization with optimal active layer thickness [24] , solvent [25] or nanoparticle [26] additives and a use of a portfolio of interlayers such as TiO x [23] , LiF [27] , NiO x [22] , graphene [28] or other materials with aligned energy levels will result in higher fill factors.
The ascertained short-circuit current values of the OPV devices are lower for the polymers equipped with additional hexyl solubilizers at the TBT's thiophenes (P1 and P3), whilst larger for the Fig. 8 . a) J-V and b) EQE curves of the OPV devices with P1-P4 as active layer materials.
corresponding benzoyl derivative for each set of polymers. This can be correlated with the intensity of light absorption rendering the benzoyl derivatives to be more efficient light harvesters than their alkyl substituted analogues. A photoresponse of the solar cells could be detected from up to 760 nm and 740 nm towards higher energies for P2 and P4, respectively, which is in line with the absorption onset in the UV/vis spectra. Interestingly, the hexyl substituted polymer devices gave similar EQE spectra, but different in amplitude between 600 nm and 380 nm, although their UV/vis absorption onset differs by 25 nm. This observation indicates a contribution to the photocurrent by CT state absorption. The EQE curves peak at 60% (P1) and 80% (P2) between 500 nm and 600 nm part of the spectrum. Although the UV/vis absorption spectra reveal a red-shifted absorption and stronger intramolecular CT absorption of P4 compared to P2 (see Fig. 4 ), a comparison with the EQE curves of the respective photovoltaic devices clearly show that other factors impeding efficient charge extraction are at play. As we could demonstrate for P1 recently, molecular weight of the polymer basically influences the fill factor while leaving the short-circuit current and open-circuit voltage mainly unaffected [17] . For P2, Kingsley et al. showed a similar behavior where only polymers with exceptional high molecular weights resulted in OPV devices with a low short-circuit current [37] . We assume for P3 and P4 a similar behavior in respect to molecular weight and presume a valid comparison as shown in Fig. 8 and Table 3 . agreement with the HOMO energy levels determined by UPS experiments for P1-P3 as the difference between HOMO of the polymer and LUMO of PC 71 BM correlates with the V OC . However, the origin for the low measured V OC for the P4:PC 71 BM device remains unclear at this point. The HOMO position of P4 is comparable to the HOMO position of P1 as well as the determined CT state energy value of the corresponding polymer:PC 71 BM blend, nevertheless, the found V OC values of their corresponding PC 71 BM blends differ by 0.23 V. The difference between obtained V OC of the OPV device and the assigned value for the E CT is~0.7 eV for all polymers except P4, where the difference of about 0.95 V is found to be significantly higher. A difference of 0.6e0.7 eV is often found for OPV devices based polymer:PCBM blends [29, 30] . Although the losses between E CT and V OC are unexceptional in these polymer: PC 71 BM systems, the high interfacial CT state energy suggests low losses between Eg and E CT of only 0.21 eV.
The [29] . Interestingly, both polymers with benzoyl functionalization gave by coincidence similar device performances, although the underlying origin must be different. While the polymer with additional hexyl chains on the thiophene rings (P3) achieved an exceptionally high V OC of above 1 V, P4 with its large solubilizing side chain created, in combination with PC 71 BM, a rather high photocurrent of about 14 mA/cm 2 which can be ascribed to the broad absorption of the polymer in the UVevisible range of the spectrum. Using another approach, Yi et al.
found an improved open-circuit voltage of 0.96 V for modified PCDTBT by manipulating the electron-deficient TBT unit with alkoxy groups and leaving the carbazole's substituent unchanged [32] . Similarly, the group of Heeney found even higher open-circuit voltages of above 1 V as well by using thioalkyl groups instead of alkoxy chains [33] . In addition, Kim et al. reported on a lowered HOMO energy level and consequently an improved open-circuit voltage of PCDTBT upon fluorination of the benzothiadiazole unit [34] . OPV device stability test under continuous 1 sun illumination revealed a superior long term stability of the alkyl derivatives P2 in comparison to its benzoyl counterparts P4 (see Figure SI-12) . After an initial burn-in phase of 10e15 h, the device performance of P4 is about 40% of the initial PCE only. In contrast, P2 still yields 90% of its initial PCE after 40 h of continuous illumination. The hexyl pair, P1 and P3, exhibit similar long term device stabilities. After an initial drop within the first 10 h of continuous OPV device operation, device performance of both devices, P1:PCBM and P3:PCBM, stabilises at about 50% of their initial PCE values. The underlying mechanism of the significant burn-in loss and its origin for P1, P3 and P4 is unknown at this point. We suspect a cleavage of the benzoyl moiety (P2 and P4) and alkyl side chain (P1) at the carbazole's nitrogen to play a major role as previously reported by Tournebize et al. [12] . However, a stabilization of the PCE was not observed in our OPV devices.
Morphology
To gain an insight into the blends' nanomorphology, atomic force microscopy (AFM) was used to characterize the thin-film topography. AFM images for P1-P4 are shown in Fig. 9 .
In the case of P1:PC 71 BM and P2:PC 71 BM the surface morphology of the active layer blend shows a smooth topography with RMS roughnesses of 0.3 nm and 0.7 nm indicating a well intermixed nanomorphology. P3:PC 71 BM exhibits a slightly rougher (RMS 0.8 nm), but still smooth surface morphology, whereas the P4:PC 71 BM blend shows a rough topography with a RMS roughness of 1.9 nm. On those grounds, we assume for P4:PC 71 BM a separated morphology which is non-ideal for photovoltaic diode operation, while the P1-P3:PC 71 BM blends form morphologies operative in OPV. Fig. 10 presents the radially-averaged GIWAXS scattering profiles of neat and blend samples, with the corresponding 2D scattering patterns presented in the Supporting information (Fig. SI-13 ). In general for the neat films, broad diffusive scattering features are observed with only weak lamellar and p-p stacking, in agreement with previous observations of unannealed PCDTBT films [35, 36] . There is also not a strong orientational preference (e.g. face-on or edge-on) justifying the comparison of radially averaged traces in Fig. 10 .
For samples P1 to P3 two broad peaks located at~0.34 Å À1 and 1.44 Å À1 are observed corresponding to lamellar and p-p stacking, respectively, and consistent with previous work. 35 In contrast to the disordered almost amorphous like nature of samples P1 to P3, sample P4 shows a more well-defined lamellar stacking peak at 0.20 Å À1 and a p-p stacking peak at the higher Q value of 1.72 Å
À1
. The larger lamellar spacing (~3.1 nm for P4 compared to~1.9 nm for P1 to P3) and smaller p-p stacking distance (~0.37 nm compared to~0.44 nm) indicates a different mode of packing for P4 compared to the other polymers. Thus, the benzoyl side chain in P4 appears to lead to a more crystalline packing. For P3 the presence of the side chains on the thiophene units likely results in too much steric hindrance for a similar effect. (It should be noted however that PCDTBT is not an inherently disordered polymer with extended crystalline ordering observed when annealed above 200 C).
The scattering patterns of the blended samples, Fig. 10 (b) , are largely dominated by scattering from PC 71 BM aggregates, with peaks at~0.65 Å À1 , 1.3 Å À1 and 1.9 Å À1 originating from PC 71 BM.
The lamellar stacking peak of P4 is still prominent in the scattering from the P4:PC 71 BM blend sample indicating a semicrystalline microstructure for the P4:PC 71 BM blend, consistent with the rougher surface topography observed by AFM for this sample. We speculate that the pronounced stacking behavior of P4 may be related to the reduced VOC in P4:PC 71 BM cells compared to P3:PC 71 BM cells. Certainly the improved crystalline order of P4 compared to P3 does not confer improved photovoltaic performance.
Conclusions
In summary, a series of PCDTBT-based polymers with a benzoyl substituent attached to the nitrogen of the electron-rich carbazole unit was prepared by Suzuki polycondensation and characterized in detail. The uncommon use of fluoride as base and timecontrolled microwave-assisted heating of the reaction mixture lead to the successful synthesis of the donor-acceptor copolymers with suppressed benzoyl moiety cleavage. For P4, further improving the reaction conditions is considered to enable yet better defined copolymers. The benzoyl substitution resulted in a broadening and redshift of the solid-state absorption spectra of the corresponding copolymer compared to the non-benzoyl counterpart giving rise to higher short-circuit current densities. In copolymer:PC 71 BM blends, a higher energy in photoluminescence was found upon benzoyl substitution. In addition, the polymers were tested in OPV devices using PC 71 BM as accepting material. For P3:PC 71 BM, an unusually high open-circuit voltage of above 1 V was found as well as a high E CT of above 1.7 eV, while for the analogue P4:PC 71 BM blend a decrease in V OC compared to P2: PC 71 BM was observed. Thus, the simultaneous optimization of both the short circuit current as well as the open circuit voltage makes the novel benzoyl-substituted PCDTBT materials promising candidates for OPV devices. We speculate that the unexpected, experimentally observed low V OC of P4:PC 71 BM can be optimized by i) further morphology control using different solvents and solvent mixtures for processing, and ii) using fine tuning of side chains to control interchain packing and solubility.
